Introduction
Benzimidazole (BZ) enhancement of ion uptake was recently reported by Klingensmith (11) and Klingensmith and Norman (12) . Their experiments were conducted with excised barley roots at rather high root to solution ratios (7) without added buffer.
Potassium uptake was determined by difference, without the complications due to the presence of other ions, but in such systems there is apparently a progressive increase in acidity during the experimental period, which results in a change in the rate of uptake of the cation. The effect of hydrogen ion concentration on K+ absorption by excised barley roots has been discussed in detail by Jacobson et al. (7, 8, 9) and by Nielsen and Overstreet (14) . These workers have reported that the absorption of K+ decreases markedly in the pH range from 6 to 4 and that tissue injury probably occurs at lower pH values followed by loss of cellular constituents to the external medium.
Hofmann (6) in a discussion of the chemical properties of the benzimidazoles points out that these compounds are amphoteric. The acidic property of BZ is reflected in its ability, under quite specific conditions, to form rather stable salts and complexes with certain metals, such as Ag, Cu, Cd, Ni, Co, Hg, and Zn. In addition, crystalline BZ salts of Li, Na, K, and Ba have been prepared; however, these are very unstable and hydrolyze upon exposure to water with regeneration of BZ. Substitution of the imino hydrogen on the imidazole ring eliminates the acidic property.
The basic characteristic of BZ results from the ability of the pyridine (tertiary nitrogen) nitrogen of the imidazole ring to accept a proton and thus become ionized as a cation. In this respect, BZ is a weak base that is able to act as an effective buffer.
The present study was conducted to investigate further the apparent enhancement of the uptake of K+ by BZ in the light of the recognition of the strong buffering property of this compound.
Materials & Methods
Excised barley roots (Hordeum vulgare L., var. Atlas 54) from 7 day old seedlings were used in this study. Seed from the 1959 crop had been stored at 0 C to 3 C prior to use in 1961. Root material was cultured according to the method of Romberger (15) . The roots were excised by cutting immediately below the supporting screen and were handled gently to minimize mechanical injury. The excised roots were washed several times with cold distilled water and the excess water removed in a basket centrifuge. The roots were allowed to remain intact after excision with no further cutting or segmentation. The elapsed time between excision and treatment never exceeded 15 minutes. Samples of roots (7.5 g fr wt) were placed in polystyrene vessels containing 200 ml of the desired solutions and aerated continuously during the absorption period. All experiments were conducted at 25 C. The concentration of KSO4 used throughout this study was At the end of the absorption period the solutions were decanted and analyzed for potassium by flame photometry using a Beckman model DU spectrophotometer. Potassium uptake was determined by difference between the initial and final content of the ambient solution.
Results
Previous work (11, 12) indicated enhancement of K+ absorption by excised barley roots in the presence of BZ concentrations from 3 X 10-3 M to 1 X 10-4M with a peak in the region of 1 X 10-3 M where K+ absorbed in 3 hours was almost double that from K2SO4 alone. These observations were repeated and substantiated as shown in table I. However, it appeared possible that the buffering action of BZ prevented the rapid decrease in pH that occurred in the K2S04 controls, and that a BZ concentration of 1 x 10-3 M did not permit the pH to fall below 5.5 in six hours. The strong buffer action of BZ, therefore, masked its real effect on excised barley roots, which is a repression of K+ absorption, in line with other repressive effects on growth described by Klingensmith (10) . Figure 1 shows the decrease in pH as a result of K+ absorption by 7.5 g roots from 200 ml of 1 X 10-3 M K,S04 with and without BZ. The pH of solutions was not controlled. The effectiveness of 1 X 10-3 M BZ as a buffer in the uptake solution is noted. During a 6 hour absorption period, pH of the K2S04+BZ solutions shifted from an initial reading of 6.85 to a final reading of 5.45, while solutions without BZ shifted from 5.90 to 3.95. The very rapid downward shift in pH during the 1st hour is in agreement with observations of Jacobson et al. (7) on KBr solutions.
In subsequent experiments downward shifts in pH were minimized by adding Amberlite IRA-400 anionic exchange resin in OH-form. Frequent pH readings were taken throughout the absorption period and pH was maintained close to 6.5 by periodic addition of moist resin to the bottom of the containers. The pH differences between replicates did not exceed 0.2 pH units at any time.
The two upper curves of figure 2 show that when pH is controlled the effect of 1 X 10-3 M BZ on excised barley roots is a repression of K+ absorption and not an enhancement as previously reported. These cumulative K+ absorption curves are typical of results obtained when pH was controlled by the resin technique described. The two lower curves are representative of K+ absorption when pH was uncontrolled and shifted downward, as a result of root activity and the unbalanced uptake of K+ and S04=.
Initial pH values for the two lower curves are approximately the same as shown in figure 1 .
In similar experiments, summarized in table II, the effect of BZ on K+ absorption was studied at lower BZ concentrations. A definite repression was observed at 1 X 10-4 M BZ, with only a slight repression at 1 X 10-5 M BZ, and no detectable repression at lower concentrations. data are for a 3 hour absorption period following 3 hours of BZ pretreatment. When the uptake period was extended to 6 hours following 3 hours of BZ pretreatment (>9 hours from excision) the enhanced uptake by the BZ pretreated roots was greater than at 3 hours, but the differences between replicates also became greater. The statistical tests of significance of the data in table III apply only to the effect of the pretreatment. When BZ was present in the uptake solutions its effect on K+ absorption was always repressive, although not strongly so.
Discussion
In the light of the observations reported herein it would appear to be pertinent to re-examine the various suggestions regarding possible mechanisms of action of BZ on microorganisms and higher plants.
Benzimidazole was suggested to act as a purine antimetabolite by Woolley (17) , who reported a reversal of BZ-inhibited growth of Saccharomyces cerevisiae with guanine and adenine. However, subsequent work by Galston et al. (3) with pea epicotyls, by Hillman (5) with Lemna minor, and by other workers has failed in demonstrating clearly an antipurine role for BZ.
Galston et al. (3) reported that 1 x 10-Ai BZ specifically affected the action of indoleacetic acid (IAA). They suggested this specific role for BZ because no effect of BZ was observed in the absence of IAA. Inhibition of cell elongation caused by BZ was only partially reversed by adenine, guanine, and other purines. Heath and Clark (4) have suggested that IAA normally interacts with metal ions in producing its physiological effects, and if this is the case, antagonism between IAA and BZ might be (lue to mutual competition for metal ions.
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